Roots of maize (Zea mays L.) seedlings continue to grow at low water potentials that cause complete inhibition of shoot growth. In this study, we have investigated the role of abscisic acid (ABA) in this differential growth sensitivity by manipulating endogenous ABA levels as an altemative to extemal applications of the hormone. An inhibitor of carotenoid biosynthesis (fluridone) and a mutant deficient in carotenoid biosynthesis (vp 5) were used to reduce the endogenous ABA content in the growing zones of the primary root and shoot at low water potentials. Experiments were performed on 30 to 60 hour old seedlings that were transplanted into vermiculite which had been preadjusted to water potentials of approximately -1.6 megapascals (roots) or -0.3 megapascals (shoots). Growth occurred in the dark at nearsaturation humidity. Results of experiments using the inhibitor and mutant approaches were very similar. Reduced ABA content by either method was associated with inhibition of root elongation and promotion of shoot elongation at low water potentials, compared to untreated and wild-type seedlings at the same water potential. Elongation rates and ABA contents at high water potential were little affected. The inhibition of shoot elongation at low water potential was completely prevented in fluridone-treated seedlings during the first five hours after transplanting. The results indicate that ABA accumulation plays direct roles in both the maintenance of primary root elongation and the inhibition of shoot elongation at low water potentials.
experiencing water stress and has been proposed to be involved in the regulation of root and shoot growth responses (3, 5, 6) . Speculations on the involvement of ABA in growth responses to water stress have relied on the results of ABA applications to well-watered plants. Such applications have generally led to inhibition of shoot growth (1, 5, 11, 28, 29) . In the case of roots, results have been variable; applications of ABA have resulted in growth inhibition (10, 18, 29) , promotion (15, 19, 29) , or have had little effect (5) . In maize, applications of the hormone led to stimulation or inhibition of primary root growth depending on the initial root growth rate (19) and the concentration used (15, 19) , with higher concentrations being associated with growth inhibition. Additionally, in a population ofmaize primary roots with varying growth rates, higher levels ofendogenous ABA were associated with slower growth rates (22) . Nevertheless, the lack of inhibition and, in some cases, stimulation of root growth by some concentrations of exogenous ABA has led to speculation that ABA may modulate the differential inhibition of root and shoot growth in water-stressed plants (5, 9, 29, 31) .
When ABA is applied to well-watered plants, however, even if it accumulates to realistic levels in the growing zone (5) , its compartmentation may differ from that of endogenous ABA in water-stressed tissue (8) . Also, other metabolic changes that may be induced by water stress, such as changes in the levels of other hormones and tissue sensitivity to hormones, are not addressed when well-watered tissue is used to study the involvement of ABA in growth responses to low water potentials. Thus, it is not surprising that in one example ABA applications produced different growth responses in wellwatered and water-stressed plants (29) . Consequently, the role, if any, of ABA in the growth responses of roots and shoots to low water potentials remains equivocal.
With this in mind, our aim was to critically evaluate the role of elevated levels of endogenous ABA in the growth responses of the primary root and shoot of maize to low water potentials, without exogenous applications of the hormone. Specifically, our objective was to reduce the accumulation of endogenous ABA in seedlings growing at low water potential using two approaches: a mutant deficient in carotenoid (and ABA) biosynthesis (vp 5, [7, 14] ), and fluridone, an inhibitor of carotenoid (and ABA) biosynthesis (7, 13) applied to seedlings of a commercial variety. Use of the two approaches was intended to circumvent any side effects that the inhibitor may have on growth independently of ABA content, and to confirm results obtained using one approach. The results indicate that the accumulation of endogenous ABA at low water potentials acts differentially to maintain primary root growth and inhibit shoot growth.
MATERIALS AND METHODS

Primary Root Growth
For experiments with fluridone, seedlings of Zea mays L. (cv FR27 x FRMo 17) were germinated in moist vermiculite and transplanted after 36 h into vermiculute of either high or low water content, corresponding to water potentials of approximately -0.03 MPa and -1.6 MPa, as described previously (25) . The same lot of vermiculite, thoroughly mixed, was used for all the experiments to obtain approximately the same water potential at the same water content. Vermiculite water potential was measured by isopiestic thermocouple psychrometry (2) . Seedlings were grown in Plexiglas boxes in the dark at 29 ± 1°C and near-saturation humidity. Preliminary tests determined that fluridone at 10 Vp 5 kernels were supplied by Dr. E. Coe (Department of Agronomy, University of Missouri-Columbia). Mutant and wild-type kernels were produced by self-pollination from heterozygous parent seed provided by Dr. J. D. Smith (Department of Soil and Crop Sciences, Texas A&M University). The background of the cross was at the second-backcross level with inbred line TX5855. As mutant kernels are viviparous, stocks are usually maintained in heterozygous condition, deriving homozygotes by selfing. Despite the viviparous tendency, however, some mutant kernels do not undergo visible precocious germination, possibly because of incomplete blockage of ABA biosynthesis or because ABA is supplied from maternal cob tissue. Thus, these mutant kernels mature in a similar fashion to wild-type kernels. Because wild-type kernels must undergo desiccation before they will germinate, it was crucial that mutant kernels undergo the same treatment to eliminate desiccation as a variable which might affect seedling growth at low water potential. Mutant kernels which survived desiccation on the plant were tested for germination and only those which showed a similar root growth rate to wild-type kernels were used in the experiments. As a result of these experimental conditions, however, the number ofusable mutant seed was limited. Mutant and wild-type seedlings were grown and root length was measured as described above except that no fluridone was added to the vermiculite.
Shoot Growth
The growth response of the maize shoot to low water potential was also studied using both the inhibitor and mutant approaches to manipulate endogenous ABA levels. Because shoot growth is more inhibited than root growth at low water potentials (25), we selected a low water potential treatment (approximately -0.3 MPa) that resulted in a similar percentage inhibition of shoot elongation rate to that which occurred in the root at -1.6 MPa (approximately 60% inhibition). For these experiments, seedlings were transplanted to the high and low water potential treatments at 60 h after planting since tests showed that shoot development is greatly retarded if low water potential is imposed after only 36 h. Seedlings were grown in Plexiglas cylinders (0.5 m x 0.1 Im), and growing conditions and shoot length measurements (nondestructive) were as described for studies of the primary root.
Time Course of ABA Content
At various times after transplanting, the apical 10 mm of the primary roots (encompassing the growing zone [25] ) were harvested under near-saturation humidity and dim white or green light, weighed before and after freeze drying, and assayed for ABA. ABA levels were quantified only two times during the experiments with the mutant and wild type due to the limited availability of seed. Each sample consisted of 3 to 6 root tips. Most of the root cap was excluded from the samples by excising the apical 0.5 mm.
For the shoots, the growing zones were localized by a marking procedure as previously described for the primary root (25) , and results indicated that elongation occurred in the coleoptile and the uppermost 12 to 15 mm of the mesocotyl. Local growth rates in the upper mesocotyl were higher than in the coleoptile, however, so ABA quantification was made in the mesocotyl region only. At various times after transplanting, the uppermost 15 mm of the mesocotyls were harvested under near-saturation humidity and green light, weighed before and after freeze drying, and assayed for ABA. ABA levels were quantified only two times during the experiments with the mutant and wild type due to the limited availability of seed. Each sample consisted of2 to 5 mesocotyl sections.
In addition to selecting for uniformity of development at transplanting, roots and shoots used for ABA quantification were visually selected at harvest time for having growth rates near the mean growth rate for the respective treatments. This was important in light of the finding that ABA content can be highly variable in a population of roots with a wide range of growth rates (22 (20) determined aqueous extraction to be as efficient as extraction with organic solvents. Assay procedures were as described by Quarrie et al. (20) . We observed that sequential addition of standard ABA solutions to extracts of root and shoot growing zones at high and low water potentials produced 1:1 relationships between ABA added and total ABA measured by RIA, indicating the absence of interference with binding of the antibody to ABA. In addition, because no reports have been published on the use ofthis assay on extracts of maize root and shoot growing zones, RIA results were compared with results obtained by combined gas chromatography-mass spectrometry (GC-MS) with selected ion monitoring as described below. ABA values obtained by RIA were near identical to those obtained by GC-MS for root and shoot tissues at low water potential. For root and shoot tissues at high water potential, ABA values obtained by RIA were 50% to 75% higher than those obtained by GC-MS, indicating some cross-reactivity with other compounds. The over-estimation of the reported ABA contents at high water potential, however, does not affect our interpretation of the results.
For GC-MS validation, (2H6) (+)-ABA was prepared as described by Rosher et al. (21), and was added prior to extraction as an internal standard. The procedure for extraction and initial purification was as described by Stewart et al. (27) . Partially purified samples were further purified using a dual pump HPLC system (ISCO). Aliquots were injected onto a C-18 column (Spherisorb 5 ,Am ODS, 250 x 10 mm i.d., from Phenomex) which had been equilibrated with 10 
RESULTS
Effect of Fluridone on Root Growth at High and Low Water Potential
Treatment with fluridone was associated with reduced primary root growth at low water potential (Fig. 1) had recovered to that of untreated seedlings at the same water potential. This response was observed in repeated experiments (Fig. 1) The time course ofABA content was measured in the apical 10 mm of the roots to document that accumulation of ABA was indeed reduced in the growing zone of fluridone-treated and mutant seedlings at low water potential ( Fig. 3 ; Table I the ABA content in untreated and wild-type seedlings. In fluridone-treated and mutant seedlings at the same water potential, the accumulation of ABA was reduced considerably. At approximately 120 h after transplanting, ABA content in fluridone-treated roots at low water potential recovered to that found in untreated roots at the same water potential (Fig. 3) . There was little effect of either fluridone treatment or the mutant on ABA content at high water potential. Taken together, results of the primary root studies showed that in both the fluridone and mutant approaches, reduced accumulation of ABA at low water potential was associated with further inhibition of root growth than that caused by low water potential alone. This interpretation required that neither treatment cause a large effect on growth at high water potential, as was the case, and is strengthened by the concurrent recovery of root elongation rate and ABA content in fluridone-treated seedlings at low water potential to values observed in untreated seedlings (Figs. 1 and 3 ).
Effect of Fluridone on Shoot Growth at High and Low Water Potential
At low water potential (approximately -0.3 MPa), treatment with fluridone produced an opposite effect on shoot growth to that observed on root growth: treatment with fluridone actually promoted shoot elongation (Fig. 4) . In fact, within the first 5 h after transplanting, shoots of fluridonetreated seedlings at low water potential elongated at about the same rate (2.1 mm h-') as those of untreated seedlings at high water potential (2.2 mm h-'). In contrast, shoots of untreated The time course ofABA content was measured in the upper mesocotyl to document that accumulation ofABA was indeed reduced in the shoot growing regions of fluridone-treated and mutant seedlings at low water potential ( Fig. 6 ; Table II ). Low water potential caused a large increase in ABA content in untreated and wild-type seedlings, as expected. ABA levels were reduced considerably in fluridone-treated and mutant seedlings at the same water potential. The treatments had little effect on ABA levels at high water potential.
Taken together, results of the shoot studies showed that in both the fluridone and mutant approaches, reduced accumulation of ABA was associated with less growth inhibition at low water potential. Shoot growth inhibition was completely prevented during the first 5 h ofthe low water potential treatment in the fluridone-treated seedlings.
DISCUSSION
The results presented here provide strong evidence for a dual role of endogenous ABA in the growth responses of maize seedlings to low water potentials: elevated levels of ABA act differentially to maintain primary root growth and inhibit shoot growth. This conclusion is based on the similar results obtained using either fluridone or the vp 5 mutant to reduce the accumulation of ABA in the root and shoot growing zones at low water potentials. In both cases there was severe inhibition of root elongation and promotion of shoot elongation compared to untreated and wild-type seedlings growing at the same water potentials.
Our results indicate that the effects of reducing endogenous ABA levels at low water potentials were exerted directly on the growth of the individual organs. Certainly, the growth responses were independent ofeffects ofABA on stomata and overall plant water balance because seedlings were grown in the dark under conditions of near-zero transpiration. Also, effects on root growth were clearly independent of effects on shoot growth because root experiments were conducted at a water potential ofapproximately -1.6 MPa, which completely inhibited shoot growth (25) . On the other hand, the promotion of shoot elongation by fluridone at a water potential of -0.3 MPa was concomitant with inhibition ofroot elongation (data not shown). Dry weight determinations in similar experiments, however, showed that the promotion of shoot dry weight by fluridone exceeded (by approximately twofold) the reduction of root dry weight. Therefore, the promotion of shoot growth was not simply the indirect result of root growth inhibition.
The value of manipulating endogenous ABA levels by chemical or applications, for investigations into its physiological roles has been recognized (13, 16) , but this approach has not been taken in previous studies of the role of ABA in growth responses of water-stressed plants. The dependence of maize primary root elongation at low water potential on high levels ofABA, suggested by our results, could not have been inferred from published results of studies at high water potential. Although root growth promotion by applied ABA has been reported in maize (15, 19) , high concentrations of applied and endogenous ABA have generally been associated with root growth inhibition (19, 22) . The case for using water-stressed tissue in studies of the role of ABA in responses to low water potentials is strengthened by the findings of Hartung et al. (8) , who showed that ABA partitioning can be altered by water stress-induced changes in apoplastic pH. In addition, it has been suggested that differences in compartmentation exist between endogenous and applied ABA (4, 19) .
In contrast to the primary root results, the finding that reduced levels of endogenous ABA were associated with less inhibition of shoot growth at low water potential is complementary to many reports that showed an inhibition of shoot growth in response to ABA application to well-watered plants (1, 5, 11, 28, 29) . In soybean, Creelman et al. (5) observed that application of ABA to well-watered seedlings resulted in a maximum hypocotyl growth inhibition which was only 60% of that caused by transplanting to low water potential (-0.3 MPa) vermiculite. In our study, however, fluridone treatment completely prevented inhibition of shoot growth during the first 5 h after transplanting to -0.3 MPa. This suggests that the inhibition of shoot growth, at least for that duration, was caused entirely by the rise in endogenous ABA. Accordingly, the supply of water for tissue expansion was not a limiting factor. This differs from the conclusion of Nonami and Boyer (17) that the initial inhibition of soybean hypocotyl growth upon transplanting to vermiculite at -0.3 MPa was caused by collapse of the water potential gradient between the xylem and growing cells, which was followed only after 5 to 10 h from transplanting by metabolic limitations to growth.
In both the inhibitor-treated and mutant seedlings, reduced accumulation of ABA at low water potentials was associated with inhibition of carotenoid synthesis (in both cases the conversion of phytoene to phytofluene is affected [7] ). The similarity of growth responses between the two approaches indicates that other potential effects of fluridone on growth were negligible at the concentration used. However, the reduced synthesis of carotenoids raises a possibility that both treatments were associated with general metabolic inhibition, which might explain the severe inhibition of root growth which occurred at low water potential. This seems unlikely for the following reasons. In all studies, seedlings were grown in the dark to circumvent any effects of the presence of chloroplasts and light-inducible carotenoids on growth. Also, growth of roots at high water potential (maximum growth rate) was little affected by either treatment. Moreover, shoot growth of fluridone-treated and mutant seedlings was actually promoted at low water potential. Thus, it is highly unlikely that the two treatments caused a general metabolic inhibition only in roots and only at low water potential. To confirm that reduced accumulation of ABA was indeed responsible for the severe inhibition of root elongation in fluridone-treated and mutant seedlings at low water potential, it is desirable that the inhibition is reversed when the internal ABA level is raised by exogenous application ofthe hormone. We attempted this experiment by adding various concentrations of ABA to the water mixed with the vermiculite into which the seedlings were transplanted. A very high external ABA concentration (1 mM) was required to raise the volumeaveraged ABA level in the apical 10 mm of fluridone-treated roots growing at -1.6 MPa to that of untreated roots at the same water potential. This treatment resulted in further inhibition of root elongation. The negative result of this experiment must be interpreted with caution, however. As previously mentioned, cellular compartmentation and tissue distribution are probably different for exogenous and endogenous ABA, and this problem is likely to be greater at high applied concentrations. Indeed, preliminary studies have shown that fluridone-induced inhibition of root elongation rate (and ABA accumulation) can be reversed by applying ABA at much lower concentrations when the experiments are conducted at a water potential of -0. 
